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a b s t r a c t
High red photoluminescence emission has been obtained at room temperature in Eu3þ-doped yttrium
oxide thin ﬁlms following thermal treatment. Films with different thicknesses were deposited on Si
(1 0 0) and Si(1 1 1) substrates via electron beam evaporation in a vacuum environment. The ﬁlms were
subsequently annealed in an oxygen atmosphere for 5 h at 900 1C. The structural and optical properties
of the ﬁlms were measured before and after annealing. An improvement in the emission intensity was
observed as a result of the thermal treatment under a controlled atmosphere. This observation is related
to the reduction of non-radiative processes, as veriﬁed by the enhancement of the 5D0-7F2 lifetime
values. This improvement in the emission intensity was also analyzed in terms of electric and magnetic
dipole transitions (5D0-
7F2 and
5D0-
7F1 level transitions, respectively). Both transitions are directly
related to the site symmetry and, consequently, to the crystalline structure of the ﬁlms deposited on the
Si(1 0 0)/Si(1 1 1) substrates.
& 2013 Elsevier B.V. All rights reserved.
1. Introduction
Currently, there is considerable interest in obtaining new
materials for active optical devices with improved performance.
In this context, ﬁlms obtained from yttrium oxide are good
candidates due to their structural and optical properties, including
high dielectric constants (ε¼14–18) [1], high melting points of
2410 1C [2], and high mechanical strength [3]. These ﬁlms are also
promising candidates as host matrices for rare-earth ions due to
their special optical properties, such as the presence of lumines-
cent centers [4], which are responsible for the enhancement of the
local ﬁeld around the materials [5,6]. In addition, these ﬁlms have
low phonon-energies of approximately 330 to 370 cm1 [7,8],
ensuring low non-radiative losses. Thus, when doped with rare-
earth ions, yttrium oxide ﬁlms can achieve acceptable quantum
efﬁciencies, i.e., high emission intensities.
To obtain Eu:Y2O3 ﬁlms, various growth techniques have been
used, including pulsed laser deposition [9], e-beam evaporation
[10], chemical vapor deposition [11] and others. Importantly, Y2O3
has a cubic structure with a well-matched lattice parameter of
10.60 Å to Si(1 0 0) (5.43 Å) and Si(1 1 1) (5.34 Å). In this manner,
rare-earth ions can act as partial stabilizers in Y2O3 ﬁlms,
providing the opportunity to correlate the optical properties of
these rare-earth ions with the crystalline structure of the samples
[11,12]. This class of materials can provide a wide range of
applications including laser mirrors, broadband interference
ﬁlters, waveguides, and nanophotonic devices.
This work aimed to improve the red emission of Eu:Y2O3 ﬁlms
produced by electron beam evaporation (EB-PVD) on Si(1 0 0)/Si
(1 1 1) substrates by annealing the ﬁlms in an oxygen atmosphere.
In addition, we correlated the optical characteristics (electric and
magnetic dipole transitions of the Eu3þ ions) of the Eu:Y2O3 ﬁlms
with their structural and morphological properties.
2. Experimental section
The targets were prepared with an Eu:Y2O3 composition con-
tent of 5 mol% Eu2O3 nominal concentration. A 1 g quantity of
powder was mixed with a solution of 0.5 ml of polyvinyl butyral as
a powder binding agent and was pressed at 1 t/cm2. These targets
were heated with a ramp of 10 1C/min to 900 1C for 30 h and
ﬁnally cooled to room temperature. The ﬁlms were produced via
EB-PVD [13,11] in an evaporation chamber with a vacuum of
5106 Torr that had been previously purged with oxygen. An
electron beam gun from Telemark-231 was used to evaporate
these targets and, when operated at 5.8 kV and 70 mA, was
sufﬁcient to produce homogeneous deposition onto the Si(1 0 0)
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and Si(1 1 1) substrates. Tantalum crucibles were used to support
the high temperature achieved during the target evaporation. The
deposition was performed at room temperature. Nevertheless, the
substrates suffered some heating due to thermal radiation from
the crucible during the evaporation/deposition used to produce
the ﬁlms. Following over 2 h of ﬁlm deposition, the vacuum was
broken with a continuous oxygen ﬂow. From these conditions, we
obtained Eu:Y2O3 ﬁlms with 1300721, 350718 and 130712 nm
thicknesses (two of each thickness), as conﬁrmed with a Talystep
Rank Taylor Hobson proﬁlometer. One set of the deposited Eu:
Y2O3 ﬁlms (deposited on Si(1 0 0) and Si(1 1 1)) was submitted to
thermal treatment at 900 1C for 5 h under oxygen atmosphere, and
the other set remained as-deposited.
The crystallinity and phase structure of the Eu:Y2O3 ﬁlms were
investigated by X-ray diffraction (XRD) using a Rigaku-Rota Flex
RU200B with a 2θ grazing incidence varying from 201 to 701 in
increments of 0.021 and a Ni ﬁlter and operating at 40 mA, 40 kV,
and with Cu Kα¼1.5418 Å radiation. To determine the morphology
as well as the grain sizes of the samples, atomic force microscopy
(AFM) measurements using a Digital Instruments Nanoscope 3A
multimode microscope were performed in tapping mode for both
the as-prepared and thermally annealed ﬁlms. The geometry
parameters of the structures observed on the surfaces of the Eu:
Y2O3 samples were subsequently obtained by processing the AFM
images with the Digital Instruments software.
Photoluminescence (PL) spectra of the Eu3þ ions from the
target and the ﬁlms were measured by pumping with a HeCd laser
at 325 nm with 20.0 mW of power as the excitation source and
collecting the signal with a Hamamatsu R928 photomultiplier
using a lock-in and a computer-controlled data acquisition system
with 1.0 nm resolution. This excitation wavelength is near the
7F0-5H3 absorption transition at 329 nm. Here, the laser beam
was focused under grazing incidence on the surface of the ﬁlm,
which was placed in front of the monochromator slit where the
ﬁlm emission was collected through a lens. For measuring the
5D0-7F2 lifetime, the samples were irradiated with the harmonics
of Nd:YAG at 355 nm with a pulse width of 5 ns. Here, the average
lifetime was calculated using the following expression:
IðtÞ ¼ I0þ I1exp½t=τ1þ I2exp½t=τ2, where I0, I1 and I2 are the
intensities at time zero. The average lifetime was calculated with
the following expression: τ¼ ðI1τ21þ I2τ22=I1τ1þ I2τ2Þ [14]. The
emission signal was recorded on the oscilloscope. To guarantee
the reproducibility of the measurements, i.e., to ensure that the PL
intensity was repeatable when the sample was moved in the laser
beam or removed and replaced in the measurement apparatus,
multiple measurements were made. The laser beam was always
focused
on the center of the ﬁlm with ﬁxed incidence and collection
sample-to-laser beam angles of 151. Excitation spectra were
recorded with a ﬂuorometer system consisting of a 150 W xenon
lamp coupled to a monochromator with a 310 mm focal length
equipped with a Hamamatsu R928 photomultiplier detector and
the signal recovering unit. All measurements were performed at
room temperature.
3. Results and discussion
The X-ray diffraction (XRD) patterns of the ﬁlms 130 nm in
thickness grown on Si(1 0 0) and Si(1 1 1) substrates before and
after thermal treatment are displayed in Fig. 1. The XRD patterns
(Fig. 1(a)) exhibit various diffraction peaks, suggesting that the
ﬁlms in their initial stage possessed different crystalline structures,
where the (4 0 0), (4 4 0) and (6 2 2) reﬂection planes imply that
the ﬁlms were in the cubic polycrystalline phase of Y2O3 [15,16].
Following thermal treatment in an oxygen atmosphere, the
detected peaks were intense and clearly visible, indicating an
improvement in the crystalline structure of the samples (Fig. 1(b)).
Notably, the crystalline structure of the present ﬁlms can depend
on fabrication conditions such as the substrate temperature, the
substrate type and/or the oxygen pressure. The growth of these
Eu:Y2O3 ﬁlms can yield Y2O3(1 1 0) [17,18] or Y2O3(1 1 1) on Si
(1 0 0) [19], and similar behavior was also observed by Jones et al.
[20]. Similarly, ﬁlms grown on Si(1 1 1) show a preferred (1 1 1)
direction [21,22]. Therefore, from our experimental conditions, a
pronounced difference between the peaks in the (4 0 0) and (4 1 1)
directions for the Y2O3 compound was observed prior to the
thermal treatment, and this behavior was closely related to the
type of substrate used (Fig. 1(a)). Consequently, during annealing
the thermal mobility of the atoms in the grains and grain
boundaries is favored in both the (1 0 0) and (1 1 1) orientations.
This effect can be attributed to the lattice mismatch between the
ﬁlm and the substrate. In other words, annealing improves the
fabrication of the ﬁlms and results in a more ordered crystalline
structure by reducing the defect density and establishing proper
stoichiometry. Thus, the thermal treatment of the ﬁlms in an
oxygen atmosphere suppressed the oxygen deﬁciency that is
typical of oxide ﬁlms grown by EB-PVD [13].
The improvement in the crystalline structures of the samples
following thermal annealing is also evident in the AFM images.
Fig. 1. X-ray diffraction patterns for Eu:Y2O3 ﬁlms 130 nm in thickness (a) before
and (b) after thermal treatment. The X-ray diffraction patterns of the Si(1 0 0) and
Si(1 1 1) substrates are also shown [23].
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Fig. 2 displays the surfaces of the 130-nm thick ﬁlms before and
after thermal treatment. Changes in the grain sizes after the
annealing process can be observed. For the samples grown onto
Si(1 0 0), the grains measured approximately 180710 nm before
and 5376 nm after the thermal treatment, Fig. 2(a)–(b). Similarly,
for the samples grown onto Si(1 1 1), the grains measured
approximately 7176 nm before and 4975 nm after the thermal
treatment, Fig. 2(c)–(d). These different grain sizes depending on
substrate can be explained by the lattice mismatch, since Si(1 1 1)
has a lattice parameter of 5.34 Å, which is well-matched to the
Y2O3 cubic structure (10.60 Å) in comparison with the Si(1 0 0)
lattice parameter of 5.43 Å. Thus, for the ﬁlms grown on the Si
(1 1 1) substrate, the grain size (and the density of the grain
boundaries) in the Eu:Y2O3 ﬁlms is improved in comparison with
the ﬁlms grown on the Si(1 0 0) substrate under the same
fabrication conditions. Consequently, because grain boundaries
can be sources of electron trapping and cause the dissipation of
light generated inside the ﬁlm, thereby reducing the PL emission
[24], the Eu:Y2O3 ﬁlms with fewer grain boundaries exhibited
enhanced luminescence, Fig. 3.
Fig. 3 depicts in detail the evolution of the PL spectra in the
region between 550 and 750 nm as a function of the ﬁlm thickness
and thermal treatment. We focus our attention on the 5D0-7F2
and 5D0-7F1 transitions, which correspond to the electric and
magnetic dipoles of the Eu3þ ions, respectively. First, a signiﬁcant
improvement in the luminescence was observed with increasing
ﬁlm thickness because there was an increase in the number of
luminescence centers, as expected. In addition, in the majority of
cases, for a given thickness, the samples grown on the Si(1 1 1)
substrates exhibited higher emission intensities compared with
the ﬁlms deposited on the Si(1 0 0) substrates both before and
after thermal treatment. Furthermore, following thermal treat-
ment, the difference between the intensities of the peaks
decreased for samples of the same thickness, see Fig. 3(b). Never-
theless, a luminescence enhancement was obtained for all the
samples following annealing, e.g., 48- and 60-fold enhancements
for the ﬁlms with a thickness of 1300721 nm grown on Si(1 1 1)
and Si(1 0 0), respectively, in comparison with the as-grown
samples. The PL spectra also exhibited changes in shape upon
thermal treatment, i.e., the 5D0-7F2 and 5D0-7F1 transitions,
Fig. 2. AFM images of Eu:Y2O3 ﬁlms deposited on a Si(1 0 0) substrate (a) before and (b) after annealing. Eu:Y2O3 ﬁlms deposited on a Si(1 1 1) substrate (c) before and
(d) after annealing.
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where each transition displayed three splits. These splits are
related to the occupancies of Eu3þ at various sites in the structure
and with the Stark effect. For j¼1 and 2, the levels under Stark
splitting are 3 and 4, respectively (2jþ1 splitting).
The increase in emission intensity (Fig. 3) with increasing ﬁlm
thickness arises due to the increasing volume available for
photon–solid interactions [25]. This improvement in the emission
intensity increased further following the thermal treatment
because the vacancies in the ﬁlms were ﬁlled with oxygen ions
[25–27].
Within the accuracy of our experimental data, we can analyze
the PL enhancement due to the thermal treatment by quantifying
the area under the peaks (centered at 613 and 595 nm, corre-
sponding to the 5D0-7F2 and 5D0-7F1 level transitions, respec-
tively), which is determined by deconvoluting the spectra. In
addition, we calculate the ratio:
W ¼
5D0-
7F2
5D0-
7F1
;
to study the electric and magnetic dipolar transitions. Following
thermal treatment, the emission line shape exhibited changes that
can be associated with these transitions, see Fig. 3. Here, the
intensity of the electric dipole transition was higher than that of
the magnetic dipole transition, which is related to the reduction in
non-radiative processes for the heat-treated samples.
The Eu:Y2O3 ﬁlms have two crystallographic sites for Eu3þ , one
with C2 symmetry and another with S6 symmetry [28,29]. The C2
sites contribute to the 5D0-7F2 transition, while the Eu3þ ions at
the S6 sites contribute to the 5D0-7F1 transition (main emission
peaks). The annealed ﬁlms grown on the Si(1 0 0) substrates
displayed an increase in the ratio of the peak areas, i.e., an
improvement in both symmetries (C2 and S6) with a similar
behavior, see Fig. 4(a). Following thermal treatment, the ﬁlms
grown on the Si(1 1 1) substrate exhibited linear behavior as a
function of thickness, indicating an increase in the number of C2
symmetry sites, Fig. 4(b). This fact suggests that the probability of
the occupancy of Eu3þ at the C2 sites increases upon thermal
treatment in oxygen atmosphere, therefore favoring the formation
of electric dipoles. In this manner, we conﬁrmed that the electric
dipole transitions are hypersensitive to the ligand environment, as
already indicated in the literature [18–30].
The results of the lifetime measurements before and after the
thermal treatment are presented in Fig. 5 as a function of ﬁlm
thickness. The measurements were performed with a 10 nm
bandwidth ﬁlter centered at 615 nm, revealing the dependence
on the thermal treatment process, Fig. 5, as well as on the
thickness of the ﬁlms. We are not considering the concentration
quenching effect on the lifetime because reductions in the inten-
sity emission (Fig. 3) and shortening/decreases in the excited-state
lifetime with increasing thickness were not observed (Fig. 5).
Accordingly, the lifetime behavior of these Eu3þ centers did not
follow a single-exponential decay, indicating that the 5D0 level
presented two types of emission centers which can be correlated
with lifetimes of τ1 and τ2, Fig. 6. One can be available at the
surface and the other in the core of particle, respectively, i.e., two
channels radiative emission of Eu3þ ion due to the heterogeneous
distribution of these emission centers (Fig. 2). The Eu:Y2O3 ﬁlms
Fig. 3. Luminescence spectra of Eu:Y2O3 ﬁlms: (a) before and (b) after thermal
treatment.
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with greater thicknesses (and consequently higher luminescence
intensities, Fig. 4) exhibited improved lifetimes. Furthermore, after
thermal treatment, we observed an increase in the lifetimes of all
the samples due to the formation of Eu3þ ion emission centers and
the ﬁlling of the oxygen vacancies with oxygen atoms.
Hence, we concluded that fast radiative decay occurred because
there were two channels in the 5D0 level. This behavior was
observed before and after thermal treatment. After annealing,
Fig. 5(b), all the samples exhibited an apparent exponential
saturation in comparison with the samples before thermal treat-
ment, Fig. 5(a). From Fig. 6, displaying the ﬁlms grown on Si(1 1 1),
the lifetime curve reveals the same behavior (τ14τ2) before and
after thermal annealing, Fig. 6(a). However, the ﬁlms grown on the
Si(1 0 0) substrates exhibited different performances, Fig. 6(b).
As mentioned previously, the 5D0-7F2 transition is considered
a hypersensitive strong electric dipole transition that is sensitive to
changes in the crystal ﬁeld. In this case, this dependence on the
crystal ﬁeld is due to the substrate and the annealing process.
Additionally, the improvement in the lifetime values could also be
attributed to the reduction in the non-radiative processes relative
to the radiative processes in the emission for the two channels of
the 5D0 level (Fig. 6). This ﬁnding veriﬁes the increase in electric
dipole transitions (Fig. 4). A similar trend was also observed by
Laishram and Raghumani [29].
From Judd–Ofelt theory [30,31], we can write,
Arad ¼
64π4e2
3hð2J0 þ1Þλ3
nðn2þ1Þ2
9
Sedþn2Smd
 !
;
where λ is the transition wavelength, n is the index of refraction of
the host medium,m is the electron mass, h is Planck's constant, e is
the electron charge and J0 represents the ﬁnal state. Here, Sed and
Smd are the electric and magnetic dipole line-strengths (directly
related to the 5D0-7F2 and 5D0-7F1 level transitions), respec-
tively. We know that both Sed and Smd increased following the
thermal treatment, Figs. 3–5. As a consequence, Arad also increased.
This behavior can be attributed to the low local symmetry
surrounding Eu3þ , i.e., the asymmetric ratio in these ﬁlms
increased due to the availability of C2 (no-inversion symmetry)
and S6 (inversion symmetry) symmetric sites, which can be
occupied by Eu3þ ions. Consequently, the radiative transition rate
of both decay types increased. Therefore, the emission intensities
(Fig. 3) and lifetime values (Fig. 5) increased following the thermal
treatment due to changes in the symmetry/asymmetry around the
Eu3þ ions, Figs. 4 and 6.
Fig. 7 displays the excitation spectra for the Eu:Y2O3 ﬁlms with
a thickness of 1300 nm grown on Si(1 0 0)/Si(1 1 1). The spectrum
of the Si(1 1 1) substrate is also displayed for comparison. Both
samples exhibited a broadband excitation related to the 7F0-5F3,
5H3 transitions with an emission at 615 nm. This observation
enabled us to directly excite the Eu3þ ions below 340 and
330 nm in ﬁlms grown on Si(1 1 1) and Si(1 0 0), respectively.
Therefore, the HeCd laser at 325 nm is a good source excitation for
these samples. Furthermore, these samples exhibit the same line
shape, but the ﬁlm grown on Si(1 1 1) shows an improvement in
the emission intensity. The background line from the Si(1 1 1)
substrate does not display any contribution to the Eu3þ emission
in that region. However, it is well-known that Eu:Y2O3 possesses
an intense and broadband peak centered at approximately 250 nm
due to Eu3þ–O2 charge transfer transitions [32,33].
As a ﬁnal point, in this work we demonstrated that the
fabricated Eu:Y2O3 ﬁlms exhibit high PL intensities with improved
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quantum efﬁciencies, making them very attractive for photonic
and nanoplasmonic applications [34,35].
4. Conclusions
In summary, we demonstrated that the structural and optical
properties of Eu3þ-doped yttrium oxide ﬁlms can be improved by
tailoring the post-growth conditions and substrates. Photolumi-
nescence enhancement was achieved for all of the ﬁlms following
annealing in an oxygen atmosphere, with better performance
being observed in the samples grown on Si(1 1 1). The 5D0 level
displayed two types of emission centers, one is available at the
surface and the other in the core of particle, respectively. These
two channels radiative are also strongly related to the substrate
type and thermal treatment. In addition, we demonstrated that it
is possible to control the oxidation state of the Eu:Y2O3 ﬁlms,
resulting in high emission intensities. Our results reveal that the
crystallization, as well as the size and distribution, of the grains in
these ﬁlms play an important role in determining the emission
intensity, which is crucial for the fabrication of waveguides and
devices for nanophotonic applications.
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Fig. 7. Excitation spectra of the Eu3þ ions in the yttrium oxide ﬁlm grown on Si
(1 0 0) and Si(1 1 1). The ﬁlms are 1300 nm thick. The spectra of the Si(1 1 1)
substrate is also displayed for comparison.
V.A.G. Rivera et al. / Journal of Luminescence 148 (2014) 186–191 191
